An improved variational ansatz is proposed and implemented for variational many-body wave functions for light nuclei with nucleons interacting through Argonne (AV 18 ) and Urbana IX (UIX) three-nucleon interactions. The new ansatz is based upon variationally distinguishing between the various components of the two-body Jastrow and operatorial correlations, which are operated upon by three-body and spin-orbit correlations. We obtain noticeable improvement in the quality of the wave function and lowering of the energies compared to earlier results. The new energies are −8.38(1), −28.07(1), and −29.90(1) MeV for 3 H, 4 He, and 6 Li, respectively. Though, the present improved ansatz still fails to stabilize the 6 Li nucleus against a breakup into an α particle and a deuteron by 390 KeV; nonetheless, it is an improvement over previous studies.
I. INTRODUCTION
In an earlier publication, two of us (Q.N.U. and K.A.) proposed and implemented a simple method for improving the variational wave function of a many-body system [1] . In particular, we applied the method to lighter nuclei 3 H, 4 He, and 6 Li. The method was based upon improving the radial shape of the already-known correlations that were introduced over a number of years, relying primarily upon intuition and physical insight, and in part were guided by perturbation theory and various features of the shell model [2] . It was demonstrated that the relative error in the many-body wave function increases at least in proportion to the number of pairs of particles. Thus, as the number of particles in the system increases, the errors also grow. Our improvement of the wave function led to essentially exact solutions for nucleon interacting with central interactions [3, 4] for 3 H, 4 He, 6 Li, and 6 He. But with nucleons interacting through realistic interactions, such as Argonne AV 18 [5] two-body and Urbana UIX [6] three-body interactions, which have complicated operatorial dependence, the improved variational Monte Carlo (VMC) method gives only approximate solution [1] . Though, the improvement was significant, particularly for 6 Li [1] , which was around 1.7 MeV (5.6%) lower compared to earlier VMC result [2] , but it failed to provide a stable 6 Li against breakup into an α particle and a deuteron by 430 KeV. Improvements in 3 H and 4 He energies were 0.4% and 0.6%, respectively, though small but statistically significant. But the energies of 3 H, 4 He, and 6 Li were higher by 1.3%, 1.6%, and 4.7%, respectively, as compared to the effectively exact Green's Function Monte Carlo (GFMC) [2] calculations. In constructing the variational wave functions, we have used the known correlations and their structures as proposed and developed earlier by Pandharipande and collaborators [7] [8] [9] [10] [11] , which we designate as PANDC correlations.
In the present work, we continue to use PANDC correlations but with a difference. We modify their structure somewhat. The state-of-the-art variational wave function for s-and p-shell * Corresponding author: qamar@unimap.edu.com.my nuclei consists of two parts: (a) a Jastrow part operated upon by a symmetrized sum of two-body operatorial correlations, and (b) this outcome is then operated by a sum of unity, operatorial three-body and spin-orbit two-body correlations. We now propose the ansatz that the outcome from (a) is variationally different for the three terms of (b); i.e., we have three variationally distinct Jastrow and the symmetrized sum of the two-body operatorial correlations each for unity, operatorial three-body and spin-orbit two-body correlations. This, in essence, is the main theme of this paper. This shall be elaborated in more details in the next section. Implementation of this ansatz then leads to a further lowering of energies of 3 H and 4 He by 0.4% and 0.6%, respectively. The improved energies for 3 H and 4 He become −8.38 and −28.07 MeV, respectively, which are significantly lower than the older VMC energies of −8.32 and −27.72 MeV [2] . But, the new, improved energies are still significantly higher compared to GFMC energies which are −8.46 and −28.34 MeV, respectively, for 3 H and 4 He. This clearly indicates that we are still missing some correlations in the present variational ansatz. With the new ansatz, however, lowering in the 6 Li energy is not much. It goes down from −29.69 [1] to −29.90 MeV, a relatively small decrease by 0.21 MeV. It still fails to stabilize 6 Li against a breakup into an α particle and a deuteron by 390 KeV. We do not resolve this problem here. We leave it for a future study.
In Sec. II, we briefly describe the Hamiltonian, i.e., Argonne AV 18 and Urbana UIX interactions. In Sec. III, the wave function is described where we elaborate in details our present ansatz. In Sec. IV, we describe the results and discuss them. Section V is conclusions.
II. HAMILTONIAN
The Hamiltonian H consists of two-and three-nucleon potentials: 
The Fujita and Miyazawa term [15] is given by
where the symbols {} and [] stand for anticommutator and commutator terms and the operator X ij stands for
The v R ij k is a phenomenological spin-isospin-independent term:
MeV, and U 0 = 0.0048 MeV. The radial factors T π (r) and Y π (r), respectively, are associated with the tensor and Yukawa parts of the one-pion-exchange potential with a cut-off:
)
with μ = 0.7 fm −1 and the cut-off parameter c = 2.1 fm −2 .
III. WAVE FUNCTION
The state-of-the-art variational wave function for light nuclei (s-and p-shell) are written in the form
For details regarding the various symbols and components in the wave function Eq. (3.1), the reader is referred to Sec. III of Ref. [1] . As briefly explained in the introduction, we now write a more general ansatz:
where, the superscripts a, b, and c refer to variationally different sets of the operatorial product of the Jastrow and the symmetrized sum of products of the two-body operatorial correlations U ij . The Jastrow wave function | J for s-shell nuclei has the form 
The operator A operates upon the total wave function to ensure antisymmetry. are assumed to have the forms
where, b
LS[n]
1−2 and s 1−3 are variational parameters. The singleparticle wave function for the p-shell nucleons for different LS components is given by
where α (0000) stands for the antisymmetrized spin-isospin function of the α particle. The φ
LS[n] p
(R αl ) are the singleparticle wave function of a p-shell nucleon, where R αl is the relative distance of the nucleon from the center-of-mass of the α particle. χ and ν are the spin and isospin functions, respectively. The single-particle wave function φ
(R αl ) are generated by assuming that the p-shell nucleon is moving in an effective Woods-Saxon potential, where the parameters of the potential have been treated as variational parameters [1, 2] .
The operators U z ij in Eq. (3.2) are sums of noncommuting spin, isospin, and tensor operators:
The radial functions u 
(3.9)
These are represented as τ , σ , σ τ , t, and tτ , and the corresponding u's are abbreviated as u correlations.
The three-body correlations U ij k in Eq. (3.2) are induced by the two-nucleon interaction [11] and U T NI ij k are due to three-nucleon interaction. Variationally, these and the spinorbit correlation U LS ij are treated here in exactly the same way as in Ref. [1] . The spin-orbit correlation consists of two terms:
(3.10)
The u's, corresponding to p = 7,8, are denoted as u b and u bτ , respectively. The f c and seven u's (for p = 2-8) are obtained by minimizing the two-body cluster energy with a modified two-nucleon quenched potential [10] . Then f c and five u's (for p = 2-6) provide the initial variational wave functions for Eqs. 
IV. RESULTS AND DISCUSSION
The radial shape of the correlations Eqs. (3.11) and (3.12) are highly flexible in nature. With correlations of these type, a straightforward minimization of energy using a given but finite random set of Monte Carlo configurations invariably leads to very low values of the energy with large statistical errors. But with a new random walk with the optimized variational parameters the energy values become much higher. Thus, this procedure actually raises the true expectation value of the energy. We found it essential to minimize a suitable combination of energy and variance, σ , to find an upper bound on the energy. The variance is defined as where H is the Hamiltonian and N is the number of statistically independent samples. We, thus, minimize the function:
Here, E is the variational energy, obtained with the wave function described in Sec. III, and C is a positive constant much larger than |E|. The parameter m p decides the relative importance of the energy and the variance in the minimization procedure. Its value is chosen through trial and is different for different systems. cal are, respectively, the experimental and the calculated value of the rms radius of 6 Li, and, like m p , the parameter n p is a weight factor chosen by trial. Nonzero values of n p are used at the initial stages of the minimization procedure. After a reasonable minimum is reached, we put n p = 0 and search the variational parameters again. This procedure then gives a locally bound 6 Li nucleus without an α and a deuteron separable cluster.
In Table I , we present the results for 3 H, 4 He, and 6 Li. These were obtained with AV 18 + UIX with full electromagnetic interaction. For comparison purposes results with earlier VMC [1] and GFMC [2] calculations are also given. The entries for K = 0 correspond to VMC calculations with PNADC correlations without any fine tuning, and for K = 7 for 3 H and 4 He, and K = 11 for 6 Li with fine-tuning using relations similar to Eqs. (3.11)-(3.13) as described in Ref. [1] . All these entries correspond to calculations with the ansatz Eq. of configurations. We see no such glitches in Fig. 1 for all the three nuclei. The energies are quite stable as a function of the number of configurations N and the variance is strictly proportional to N −1/2 as a function of N . This is the reason that we carried out the calculations up to N = 1 million.
Another way of looking at the quality of the wave function is through the local energies E(R) plotted as a function of R, where R = i |r i | with r i being the distance of the ith nucleon from the center of mass. These energies and the corresponding variances are obtained by binning them around R with an interval of 0.1 fm. For an exact wave function , E(R) will be independent of R. Thus, the variation of E(R) as a function of R tells us about the quality of the wave function. In Figs. 6-8, we plot E(R) as a function of R for 3 H, 4 He, and 6 Li, respectively. Left panels are the results of calculations with ansatz Eq. (3.1) without any fine-tuning of the wave function, middle panels are again with ansatz Eq. (3.1) but the wave functions are fine-tuned [1] , and right panels are with ansatz Eq. (3.2). The lower dashed curves represent the relative probability of R occurrences in arbitrary units for 100,000 configurations. The solid straight lines represent the expectation values of the energies. We find that the variations of E(R) from the solid line decreases steadily as we go from left to right panels. This decrease is particularly evident for
